A model for 3:2 high-frequency quasi-periodic oscillations (HFQPOs) with 3:2 pairs observed in four black hole X-ray binaries (BHXBs) is proposed by invoking the epicyclic resonances with the magnetic connection (MC) between a spinning black hole (BH) with a relativistic accretion disc. It turns out that the MC can be worked out due to Poynting-Robertson cosmic battery (PRCB), and the 3:2 HFQPO pairs associated with the steep power-law states can be fitted in this model. Furthermore, the severe damping problem in the epicyclic resonance model can be overcome by transferring energy from the BH to the inner disc via the MC process for emitting X-rays with sufficient amplitude and coherence to produce the HFQPOs. In addition, we discuss the important role of the magnetic field in state transition of BHXBs.
INTRODUCTION
It is widely accepted that accretion rate is a key parameter in governing the state transitions of black hole X-ray binaries (BHXBs). However, the main features cannot be described only by accretion rate, while magnetic fields are regarded as another key parameter in state transitions of BHXBs (Spruit & Uzdensky 2005; King et al. 2012) . Unfortunately, the origin of magnetic fields in BH systems has been a puzzle in astrophysics.
One of the most prevalent models for the origin of magnetic fields in accretion flows is the dynamo mechanism, by which the large scale ordered magnetic fields are produced from the seed magnetic fields frozen in the turbulent conducting fluid (Moffatt 1978; Parker 1979 ). The problems with the dynamo mechanism lie in two aspects: (i) the efficiency of amplification is too low to create enough strong magnetic fields required by observations, and (ii) the uncertainty of viscosity in turbulent flow gives rise to the uncertain seed magnetic fields, and thus the uncertain large-scale magnetic fields (Vainshtein & Cattaneo 1992) .
Another model for the origin of magnetic fields is the so-called Poynting-Robertson cosmic battery (PRCB) proposed by Contopoulos & Kazanas (1998) , which is based on the Poynting-Robertson drag effect on the electrons of the innermost plasma orbiting a BH or neutron star. The revisits and modifications of the PRCB mechanism ⋆ E-mail: dxwang@mail.hust.edu.cn and its application to astrophysics are given in a series of works (e.g., Contopoulos, Kazanas & Christodoulou 2006; Christodoulou, Contopoulos & Kazanas 2008; Contopoulos et al. 2009 ). Recently, Kylafis et al. (2012, hereafter KCKC12) apply the PRCB mechanism to the formation of magnetic fields in AGNs, and investigate whether the PRCB mechanism can also explain the formation, destruction, and variability of jets in BHXBs.
As is well known, the high-frequency quasi-periodic oscillations (HFQPOs; 40-450 Hz) have been observed in several BHXBs (Remillard & McClintock 2006, hereafter RM06) . It is widely accepted that HFQPOs probably occur near the innermost stable circular orbit (ISCO), because their frequencies are well expected for matter orbiting near the ISCO for a BH of ∼10 solar mass. The most interesting HFQPOs is the 3:2 HFQPO pairs observed in a few BH binaries, e.g., GRO J1655−40 (450, 300 Hz; Remillard et al. 1999; Strohmayer 2001; Remillard et al. 2002 Miller et al. 2001; Remillard et al. 2002) and GRS 1915 + 105 (168, 113 Hz; RM06) . Furthermore, the 3:2 HFQPO pair has been observed in the bright X-ray transient H1743−322 (240, 160 Hz; Homan et al. 2005; , although the mass of its BH primary has not been measured (RM06). vere damping forces and emit X-rays with sufficient amplitude and coherence to produce the HFQPOs (e.g. see a review by . Not long ago, Huang et al. (2010, hereafter HGWW10) applied epicyclic resonances to the magnetic connection (MC) of a BH with its surrounding relativistic accretion disc. It turns out that the 3:2 HFQPO pairs are associated with the steep power-law (SPL) states, and the above problems with the epicyclic resonance model can be overcome by transferring energy and angular momentum from a spinning BH to the inner disc in the MC process. The fittings for the 3:2 HFQPO pairs in HGWW10 are based on a model of magnetically induced disc-corona model given by Gan, Wang & Lei (2009, hereafter GWL09) . However, the origin of the MC configuration was not addressed in this work.
Motivated by the above work, we intend to fit the 3:2 HFQPO pairs by invoking the PRCB mechanism in this paper. It turns out that the MC configuration can be created based on the electric current produced by the PRCB mechanism, and the 3:2 HFQPO pairs observed in the above sources can be well fitted associated with the corresponding spectra of the SPL states. This paper is organized as follows. In Section 2, we discuss the magnetic field configuration arising from the electric current created by the PRCB mechanism. In Section 3, we discuss the transfer of energy and angular momentum in the MC process. In Section 4, we fit the 3:2 HFQPO pairs associated with the SPL spectra of the sources by combining the MC process with epicyclic resonance model (ERM) and relativistic precession model (RPM). Finally, in Section 5, we discuss the advantages of this model over HGWW10 and the role of the magnetic field in state transitions of BHXBs.
ORIGIN OF MAGNETIC FIELD AND PRCB CURRENT
According to the PRCB mechanism, the electric current arises from difference in the radiation-drag forces between ions and electrons, and it flows near ISCO. Thus the current density can be written as
where vi and ve are the azimuthally average velocities of ion and electron, respectively, and n and e are the number density and electric quantity of electron, respectively. Since the ions feel a much weaker radiation-drag force than the electrons because the Thompson cross-section is inversely proportional to the square of the mass of the scatterer, i.e., fpe/fpi = (mi/me) 2 , where fpi and fpe are respectively the radiation-drag forces acting on ions and electrons, and mi and me are respectively the masses of the ion and electron.
As a simple analysis, neglecting the mass variation of electron/ion after scattering by the photon near ISCO, we have the ratio of the variation of electron's velocity to that of ion's one as follows,
Thus we infer that the velocity variation of an ion after scattering with a photon can be neglected. Assuming that both an ion and an electron move initially with the Keplerian velocity vK, we can estimate the difference between the velocity of an electron and that of an ion after scattering with a photon as ∆ve = ve −vi ≃ ve −vK, and the current density given by equation (1) can be rewritten as
where ∆t is the average time of the scattering of electrons with photons. Therefore the average radiation-drag force on the electrons can be written as
where F is the radiation flux from the relativistic accretion disc (e.g., Novikov & Thorne 1973; Page & Thorne 1974) . In equation (4) σT is the electron Thomson cross-section, and vK/c is the Poynting-Robertson aberration effect caused by photons "hitting" the moving electrons on the other side at about 90
• . As a simple analysis, we ignore the geometric factor given in KCKC12 to account for light bending near the BH. Incorporating equations (3) and (4), we have the current intensity created by the PRCB mechanism as follows,
where ∆s is the cross-section of the current, and ∆t is average scattering time of electrons with photons.
How to constrain the current intensity is crucial for fitting the 3:2 HFQPO pairs observed in the above sources, because the energy transferred magnetically from a spinning BH to the inner disc depends on the strength of the MC, and thus on the strength of IPRCB. Since the quantities e, me, σT and c in equation (5) are known, we can estimate the current intensity based on the following quantities, i.e., ∆s, ∆t, n, F and vK.
(i) The cross-section of ∆s is estimated as ∆s = (αRRg) 2 , where Rg ≡ GMBH/c 2 is the gravitational radius and MBH is the BH mass. Thus we can obtain the values of ∆s , such as ∆s ∼ 10 8 cm 2 for the BH mass of 10 solar mass with αR = 0.01. For simplicity, we set αR = 0.01 and regard the radius of the PRCB current rPRCB as an adjustable parameter, since both ∆s and rPRCB will affect the intensity of IPRCB.
(ii) The average scattering time of electrons with photons is taken as the time lag of photoelectric effect, and we have ∆t less than 10 −9 sec.
(iii) The values of the radiation flux, F , the number density of the electrons, n, and the Kplerian velocity, vK, can be determined in the frame of an relativistic accretion disc (see Section 3), and these values are all evaluated at radius rPRCB.
For a relativistic accretion disc, the radiation flux F varies non-monotonically with the disc radius near ISCO and reaches its maximum value Fpeak at radius rpeak (Novikov & Thorne 1973; Page & Thorne 1974) . It turns out that rPRCB varies between rms and rpeak, being required by the fittings of the 3:2 HFQPO associated with the spectra of the SPL state, where rms is the radius of ISCO. Thus the PRCB current can be estimated by equation (5).
As a test of our model, we calculate the electric current by using equation (5), and the corresponding magnetic field configuration can be figured out in the frame of general relativity (Linet 1979; Li 2002) . The curves of the intensities of the current and magnetic field at ISCO versus accretion rate are shown in the left panel of Fig. 1 , and magnetic configuration forṁ = 0.01 in terms of the Eddington accretion rateṀEdd = 1.38 × 10 18 (MBH/M⊙) g s −1 are shown in the right panel of Fig. 1 . The BH mass MBH = 10M⊙, spin a * = 0.5 and viscosity parameter α = 0.2 are adopted in calculations. As shown in Fig. 1 , two kinds of MC configurations are created by the PRCB current, i.e., the MC of the BH with the disc (MCHD) and the MC of the plunging region with the disc (MCPD) as argued in our previous work (Zhao, Wang & Gan 2009 ).
The geometric units G = c = 1 are used in the following sections. 
TRANSFER OF ENERGY AND ANGULAR MOMENTUM IN MC PROCESS
Based on the conservation of magnetic flux, Wang et al. (2007) have the mapping relations between the polar angle θ at the BH horizon and the disc radius corresponding to MCHD and MCPD as follows,
Equations (6) and (7) correspond respectively to MCPD and MCHD, and r1 and r2 can be determined by relations Ψ(r1, π/2) = Ψ(rms, π/2) and Ψ(r2, π/2) = Ψ(rH, π/2), respectively. The quantities rH and rout are the radii corresponding to the BH horizon and the outer boundary of the MCHD region, and we take rout equal to 100 gravitational radius in this paper. The electromotive forces in the MC process due to the rotation of the BH, the plunging region and the disc are given as follows (Li 2000; Wang, Xiao and Lei 2002) ,
where dΨ is the magnetic flux between the two adjacent magnetic surfaces, and ΩH, ΩD and ΩP are the angular velocities of the BH horizon, the disc and the plunging region, respectively (MacDonald & Thorne 1982; Wang et al. 2007 ):
wherer ≡ r/MBH, and Ems and Lms are the specific energy and angular momentum of the accreting particles at ISCO, respectively (Bardeen, Press & Teukolsky 1972) . The torque of the BH exerting on the disc at r > r2 is
where dZH = 2ρHdθ/̟ is the resistance at the region (θ, θ + dθ) of the BH horizon, and ρH = (r 2 H + a 2 cos 2 θ) 1/2 , ̟ = (2MBHrH/ρH) sin θ. The torque of the plunging region exerting on the disc at r1 < r < r2 is
where dZP is the resistance at the region (r ′ , r ′ + dr ′ ) of the plunging region (Wang et al. 2007) .
Considering the transfer of energy and angular momentum in the MC process, we have the dynamical equations of relativistic accretion disc as given by GWL09,
In equations (14) and (15) the quantity Q is the total energy dissipation in the disc, and QDA and QMC are the energy dissipation due to disc accretion and the MC process, respectively. The quantity H ≡ 1 4πr dT dr is the flux of angular momentum transferred to the accretion disc in the MC process, andṀ and g are accretion rate and viscous torque, respectively. Incorporating equations (14) and (15), we have
We take α-prescription given by Shakura & Sunyaev (1973) , and assume that the viscous pressure is comparable to magnetic pressure, i.e.,
where BD is the tangled small-scale magnetic field in the disc. In addition, the gas pressure and radiation pressure are related by
where ρ is the mass density of the disc, TD is the disc temperature, and a0, k, mp and µ are respectively the radiation constant, the Boltzman constant, the proton mass and the mean atomic mass (µ=0.615 is adopted). According to disc-corona model part of the energy dissipated in the disc is to heat corona, and the rest is released in the disc, emitting eventually as blackbody radiation and supplying seed photons for Comptonization of corona. Thus we have In equation (20) we have QD = 4σT 4 D /(3τD) with σ and τD, which are the Stefan-Boltzman constant and the optical depth, respectively. Following Liu, Mineshige & Shibata (2002) , the corona is heated via magnetic reconnection of the tangled small-scale magnetic field, and we have
where vA ≡ BD/ √ 4πρ is the local Alfven speed. On the other hand, the soft photons are scattered up by the relativistic electrons in corona, and the energy equation in corona is given as follows (Liu, Mineshige & Shibata 2002) ,
where Urad = a0T 4 D is the radiant energy density at vicinity of disc surface, and τ and Te are the optical depth of the corona and temperature of the electrons in the corona, respectively.
Incorporating equations (7)- (22), we have the global solution of the disc-corona system with the MC process, and the emitted spectra of the disc-corona system can be worked out via Monte Carlo method to fit the spectra in different state observed in BHXBs (GWL09; HGWW10; Huang et al. 2013; Huang, Gong & Wang 2014 ).
FITTING 3:2 HFQPO PAIRS BASED ON ERM AND RPM WITH MC PROCESS
In order to interpret the 3:2 HFQPOs pairs epicyclic resonance model (ERM, Abramowicz & Klúzniak 2001 ) and relativistic precession model (RPM, Stella & Vietri 1998 Stella, Vietri & Morsink 1999) are invoked, in which three basic frequencies are given in GR frame as follows,
where ν φ , ν θ and νr are respectively the Keplerian frequency, the vertical and radial epicyclic frequencies. And the periastron and the nodal precession frequencies can be expressed in terms of the three basic frequencies, i.e.,
According to ERM, resonance will occur, provided that any two of above frequencies are in small integer ratio at some disc radius. For simplicity, we interpret the observed 3:2 HFQPO pairs as two of the five frequencies satisfy the 3:2 ratio. The resonance is energized by the MC process, and thus produces the observed HFQPO pairs without the severe damping problem (HGWW10).
Following our previous work (GWL09; HGWW10), we take the optical depth and the height of the corona as τ = 1 and l = 20MBH, respectively, and three free parameters are involved in the disc-corona system, i.e., the BH spin a * , the accretion rateṁ and the viscous parameter α.
The energy distribution between disc and corona, and thus the X-ray spectra of BHXBs are influenced by energy transferred from the spinning BH and its plunging region into the inner disc, which is based on the magnetic field arising from the PRCB mechanism. Yet another parameter, the radius of the PRCB current loop (rPRCB) is involved in the model. As an example, we fit the emitted spectra of the system with different values of ranging from 0.005 to 0.02 as shown in the left panel of Fig. 2 . The spectra become steeper, i.e., the spectral index increases from 2.1 to 2.9 with the increasing accretion rate. And we compare the spectra with and without PRCB magnetic field forṁ = 0.01 in the right panel of Fig. 2 .
Inspecting Fig.2 , we find that the fraction of disc component increases due to the MC arising from the PRCB mechanism, and the stronger magnetic field gives rise to the softer spectra. The MC effects on the spectra can be found from equations (16) and (17), and the viscous torque in the inner disc is augmented. Furthermore, the temperature in the inner disc increases based on equation (18), by which the viscous torque is proportional to gas pressure, and the latter is proportional to the disc temperature. Thus the radiation pressure enhances very rapidly, being proportional to the fourth power of the disc temperature. In addition, the spectra are softer with magnetic field than those without magnetic field due to the cooling of MC given by equation (22).
Combining the PRCB mechanism with the disc-corona model, we can fit the 3:2 HFQPO pairs of the BHXBs: GRO J1655−40, XTE J1550−564, GRS 1915+105 and H1743−322, of which the basic parameters are listed in Table 1 . As the BH mass of H1743−322 has not been dynamically constrained, we take MBH = 10M⊙. The fitting for the 3:2 HFQPO pairs associated with the spectra of the SPL state in these sources consists of two steps as follows. a We take a 10 solar mass since the BH mass has not been dynamically constrained. References: (1)Özel et al. (2010); (2) Shafee et al. (2006) ; (3) Hjellming & Rupen (1995) ; (4) Hannikainen et al. (2000); (5) Strohmayer (2001); (6) Remillard et al. (1999) ; (7) (2006); (13) Remillard et al. (2003) ; (14) Remillard (2004); (15) Step 1: Fit the 3:2 HFQPO pairs, and five frequencies given by equations (23)- (27) are invoked. We can figure out the values of the BH spin and the resonance radius for the given BH mass and HFQPO pair listed in Table 1 . It turns out that these HFQPO pairs can be well fitted, corresponding to the same resonance radius for each type of resonance in each source. There are three types of resonance for each source, and each type of resonance corresponds to one value of BH spin, and we obtain three values of BH spin for the fitting of each source as shown in Table 2 .
Step 2: We choose the spin most close to that determined by continuum fitting method (Table 1 ) from the three values determined by three types of resonance for each source. And then we fit the spectrum by using the Monte Carlo method, and compare it with the observed one for each source by adjusting the accretion rateṁ, the viscous parameter α and the radius of PRCB current rPRCB, and the galactic hydrogen absorption is considered in the fittings. The fitting parameters are listed in Table 3 , and the associated spectra of the SPL states of these BHXBs are shown in Fig. 3 , in which the total spectrum and its disc component and power law component from the corona are given.
As shown in Table 3 and Fig. 3 , the spectra are fitted in accordance with the observed SPL spectra for the accretion rate of a few percent of the Eddington rate with α ∼ 0.2. For XTE J1550−564, the values of rPRCB and α are larger than those of other three sources. This is because XTE J1550−564 was experiencing a flare (September 19, 1998 ) with a very high luminosity, so a strong magnetic field is required for fitting the spectrum.
DISCUSSION
In this paper, we fit the 3:2 HFQPO pairs associated with the SPL states observed in the four BHXBs. The fittings are based on ERM and RPM with the large-scale magnetic fields arising from the PRCB mechanism. It turns out that the energy can be transferred from a spinning BH to the inner disc via the MC process, and the severe damping in ERM and RPM could be avoided. In addition, the spectra of the SPL states can be fitted by invoking the MC with the disc-corona model. Not long ago, Török et al. (2012) pointed out that the relation between the frequencies of upper and lower HFQPO peaks itself, and mass and spin of the sources cannot fully be determined without other independent data. This drawback can be avoided in our model. As shown in section 4, steep power law emitted spectra are required in fitting the HFQPO pairs, which is used as an independent constraint to the BH mass and spin. Thus we can fit the HFQPO pairs associated with the spectra in SPL state of each BHXB, and the BH mass and spin are in agreement with the observations. Bakala et al. (2010) considered magnetic-field-induced nongeodesic corrections to charged test particles orbiting a nonrotating neutron star. It turns out that magnetic field effects are important in the fitting of HFQPOs data for some low-mass xray binaries (LMXB). In addition, it is shown that the presence of magnetic interaction can significantly improve fitting of the HFQPOs data for some LMXB in the relativistic precession model ).
The situation seems somehow different for fitting HFQPO pairs of BHXBs based on PRCB effect in the following aspects. (i) Compared to neutron stars, the origin of the magnetic fields in BHXBs remains elusive, and it assumed that magnetic field could be carried by accreting plasma from a companion or produced by electric current flowing in the accretion disc due to e.g., PRCB effect. (ii) Unlike a neutron star, the magnetic fields of a BH is not intrinsic and is not so strong as a neutron star, since they must be created and maintained by its surrounding accretion disc. Thus we think that the magnetic effects on HFQPOs could not be very important as those for neutron stars. Now we give a rough approximate estimation on the PRCB effect in fitting HFQPOs pairs as follows. As shown in Figure 1 and Tables 2-3, the magnetic field lines tread to disc vertically, and the resonance radii rres (indicated in boldface in Table 2 ) are all located outside the PRCB current. Thus, in the case in Figure 1 , the Lorentz force exerted by the PRCB magnetic field makes the electrons move outwards, and makes the ions move inwards. Considering that the PRCB effect results in the average Keplerian velocity of the electrons less than that of the ions, we infer that the resultant force makes the plasma move inwards from the resonance radii rres. Based on equations (23)- (25) we infer that the PRCB effect could give rise to greater toroidal and vertical resonance frequencies (i.e., ν φ and ν θ ) and less radial resonance frequency νr. However, it is easy to check that the resultant Lorentz force on the plasmas is much less than the gravity on them, and the ratio of the former to the latter is ∼ 10 −9 . Thus we can neglect the PRCB effect on the HFQPO frequencies.
Comparing with HGWW10, we have two advantages in this model as follows.
(i) The origin of the large-scale magnetic fields due to PRCB current is more reasonable than those generated from the smallscale magnetic field in dynamo process. The magnetic configuration was not accurately considered in HGWW10: the BH horizon and the inner disc are simply assumed to be connected by the closed magnetic field lines, and its strength is estimated to scale the height of the disc, and constrained by the balance between the ram pressure in the inner disc and the magnetic pressure on the BH horizon. While in this paper, we calculate the magnetic configuration and strength accurately by the PRCB mechanism. It turns out that both the horizon and the plunging region are connected to the inner disc, i.e., both magnetic connection (MCHD and MCPD) are taken into account in this model.
(ii) The model is more suitable to interpret the transition from low/hard state to the SPL state. As shown in equation (5) the PRCB current is closely related to the radiation flux, and the latter is closely related to the accretion rate. Thus we infer the MC has a positive correlation with the accretion rate, and a strong PRCB current gives rise to a strong MC process in the SPL state, in which the accretion rate is very high . While in low/hard state the PRCB current is not strong enough to produce a strong PRCB current due to the accretion rate less than ∼ 0.01ṀEdd. This scenario could be naturally interpreted in the context of the truncated disc model (e.g., Done, Gierliński & Kubota 2007) . During the hard-to-soft transition, in which the truncated radius between the inner ADAF and the outer thin disc decreases monotonously with the accretion rate and the X-ray luminosity. Therefore, a very strong radiation flux and PRCB current, and thus a very strong stronger magnetic field attain in SPL state. These results arise from a high accretion rate, resulting in a softer spectrum and a steeper power law component as shown in Fig. 2 .
Furthermore, we notice that the BH spins required by the fittings of the 3:2 HFQPO pairs via the PRCB mechanism coincide very well with those measured by the continuum fitting method as shown in Table 3 , being exactly the BH spins required by the BZ process for powering the relativistic, episodic jets as argued by Narayan & McClintock (2012) and McClintock & Narayan (2013) .
Relativistic transient jets are usually observed in the hardto-soft transition (Fender, Belloni & Gallo 2004; RM06) , and a correlation between jet power and BH spin was discovered for five BHXBs, which means that the transient jets are powered by extracting rotational energy of BH probably via the BZ process (Blandford & Znajek 1977; Narayan & McClintock 2012; McClintock & Narayan 2013) . It is noticed that both the 3:2 HFQPO pairs and the relativistic transient jets are observed in the hard-to-soft state transitions of the four sources, GRO J1655−40, XTE J1550−564, GRS 1915+105 and H1743−322. This coincidence implies an intrinsic connection related to these phenomena. Considering that the transient jets are powered by the BZ process and the 3:2 HFQPOs pairs are input energy by the MC process, we think the intrinsic connection lies in the large-scale magnetic fields, which are both related closely to the extraction of energy from a spinning BH.
As a summary, we intend to emphasize the following points: (i) magnetic fields do play a very important role in state transitions of BHXBs, which could be regarded as the second parameter besides accretion rate as suggested by some authors (Spruit & Uzdensky 2005; Miller et al. 2012; King et al. 2012; Sikora & Begelman 2013; Dexter et al. 2014; Ye et al. 2015) ; (ii) QPO method and continuum method might not contradict in measuring BH spins, at least, for the above four sources. Further investigations and more observations are needed to test the consistence of these methods in measuring BH spins.
